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Abstract 

Charmless hadronic decays of B mesons to a vector meson (V) and a tensor 
meson (T) are analyzed in the frameworks of both flavor SU(3) symmetry and 
generalized factorization. We also make comments on B decays to two tensor 
mesons in the final states. Certain ways to test validity of the generalized fac- 
torization are proposed, using B — > VT decays. We calculate the branching 
ratios and CP asymmetries using the full effective Hamiltonian including all the 
penguin operators and the form factors obtained in the non-relativistic quark 
model of Isgur, Scora, Grinstein and Wise. 
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I. INTRODUCTION 



In the next few years B factories operating at KEK and SLAC will provide plenty of new 
experimental data on B decays. It is expected that improved new bound will be put on the 
branching ratios for various decay modes and many decay modes with small branching ratios 
will be observed for the first time. Thus more information on rare decays of B mesons will be 
available soon. Experimentally several tensor mesons have been observed such as the isovec- 
tor 02(1320), the isoscalars /2(1270), /^(1525), /2(2010), /2(2300), /2(2340), Xc2(lP), Xb2{lP) 
and Xc2(2P), the isospinors i^'2(1430) and 1^2(2460). Experimental data on the branching ra- 
tios for B decays involving a vector (V) and a tensor meson (T) in the final state provide only 
upper bounds, as follows |[l|]: 
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In particular, the process B -ft'27 has been observed for the first time by the CLEO Collab- 
oration with a branching ratio of (l.eetgjg ± 0.13) x 10"^ [0]. 

There have been a few works studying two-body hadronic B decays involving a tensor 
meson T (J^ = 2+) in the final state using the non-relativistic quark model of Isgur, Scora, 
Grinstein and Wise (ISGW) with the factorization ansatz. However, those works considered 
only the tree diagram contribution even in charmless B decays to PT {P denotes a pseudoscalar 
meson) and VT, such as B ^ ri^'''a2 and B (pfi'^- In most cases of the charmless AS* = 
processes, the dominant contribution arises from the tree diagram and the contributions from 
the penguin diagrams are very small. But in some cases such as i? ^ ri'''^a2 and rj^'"' fP, the 
penguin diagrams could provide sizable contributions. Furthermore, in the charmless \^S\ = 1 
decay processes, the penguin diagram contribution is enhanced by the CKM matrix elements 
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V^lVts and becomes dominant. 

In a recent work |^ , we have studied B decays to a pseudoscalar meson and a tensor meson. 
In this work, the previous analysis is extended to charmless hadronic decays of B mesons to 
a vector meson and a tensor meson in the frameworks of both flavor SU(3) symmetry and the 
generalized factorization. We also comment on B decays to two tensor mesons in the final states. 
Purely based on the flavor SU(3) symmetry, we first present a model- independent analysis in 
B VT decays. Then we use the full effective Hamiltonian including all the penguin operators 
and the ISGW quark model to calculate the branching ratios for B VT decays. Since we 
include both the tree and the penguin diagram contributions to decay processes, we are able 
to calculate the branching ratios for all the charmless \AS\ = 1 decays and the relevant CP 
asymmetries. In order to bridge the flavor SU(3) approach and the factorization approach, we 
present a set of relations between a flavor SU(3) amplitude and a corresponding amplitude in the 
factorization in B —>■ VT decays. Certain ways to test validity of the generalized factorization 
are proposed by emphasizing interplay between both approaches. 

This work is organized as follows. In Sec. II we discuss the notations for SU(3) decom- 
position and the full effective Hamiltonian for B decays. We also make some comments on 
B TT decays in Sec. II . In Sec. Ill we present a model- independent analysis of i? — > VT 
decays based on SU(3) symmetry. In Sec. IV the two-body decays B VT are analyzed 
in the framework of generalized factorization. The branching ratios and CP asymmetries are 
calculated using the form factors obtained in the ISGW quark model. Finally, in Sec. V we 
conclude our analysis. 

II. FRAMEWORK 

Since in B ^ VT decays there are three possible partial waves with / = 1, 2, 3 in the final 
state, B — s> VT processes are more complicated than B PT processes. For the SU(3) analy- 
sis of B ^ VT decays, these partial waves in the final state need to be separated out. We will 
assume that this can be done by certain methods such as one using angular distributions in 
B VV decays In the flavor SU(3) approach, the decay amplitudes of two-body B decays 
are decomposed into linear combinations of the SU(3) amplitudes, which are reduced matrix 
elements defined in Ref. In SU(3) decomposition of decay amplitudes of the B — > VT 
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processes, we choose the notations given in Refs. p|-|TT| as follows: We represent the decay 
amplitudes in terms of the basis of quark diagram contributions, T (tree), C (color-suppressed 
tree), P (QCD-penguin), S (additional penguin effect involving SU(3)-singlet mesons), E (ex- 
change), A (annihilation), and PA (penguin annihilation). The amplitudes A and PA may 
be neglected to a good approximation because of a suppression factor of fs/mB ~ 5%. For 
later convenience we also denote the electroweak (EW) penguin effects explicitly as Pew (color- 
favored EW penguin) and P^w (color-suppressed EW penguin), even though in terms of quark 
diagrams the inclusion of these EW penguin effects only leads to the following replacement 
without introducing new SU(3) amplitudes; T — >• T + P^w^ C ^ C + Pew, P ^ P — ^Pew, 
S ^ S — ^Pew- We use the following phase convention for the vector and the tensor mesons: 

p~^{a2) = ud , p^{ci^ = ■j={uu — dd) , p (ci2 ) = —ud , 

v2 

K*^{Kl+) = us , K*°{Kf) = ds , K*\Kf) = ds , K*- {K;-) = -us , 

u! = —j={uu + dd) , (p = ss , 
V 2 

/2 = —^{uu + dd) COS0J, + (ss) sin0j, , /2 = —^{uu + dd) sin0j, — (ss) cos0j, , (2) 
v 2 V 2 

where the mixing angle 0^, is given by 0^ = arctan(l/v^) - 28° ^ 7° 

In the factorization scheme, we first consider the effective weak Hamiltonian. We then use 
the generalized factorization approximation to derive hadronic matrix elements by saturating 
the vacuum state in all possible ways. The method includes color octet non-factorizable con- 
tribution by treating C, = {Nc denotes the effective number of color) as an adjustable 
parameter. The generalized factorization approximation has been quite successfully used in 
two-body D decays as well a.s B —>■ D decays . The effective weak Hamiltonian for hadronic 



AB = 1 decays can be written as 



^eff 
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Vui>v:^ic^o-i + C2O2") + K6v;;(ciOj + c^o^,) - Vt,v:^ ^ qo, 



'uqy'^^^l I ^2.^2) I " eft " cqV'-^i'-'l i ^2.^2) " tb " tq , 

i=3 



V2 

+ H.C. , (3) 



where Oj's are defined as 

0( = {q^,Lf){frLh) , 0{ = {q^^,Lfp){fpYLh^) , 
03(5) = {qi,Lh){T.(iYL{R)(^) , 04(6) = {q^l,Lhp){T.(ip^^L{R)(^^ 
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^7(9) = i^{qi,,Lh){T.eq>q-i^R{L)q) , Os(w) = -{qal^Lhp){T.eq,qpYR{L)q^) , 

On = ^^m,{qa'^^RT%)G;, , Ou = ^m,{qa^'' Rb)F,, . (4) 

Here Cj's are the Wilson coefficients (WC's) evaluated at the renormalization scale fi. And 
L{R) = (1 =l=75)/2, / can be m or c quark, q can be or s quark, and q' is summed over u, d, s, 
and c quarks, a and P are the SU(3) color indices, and T'^ (a = 1, 8) are the SU(3) generator 
with the normalization Tr{T°'T^) = 5°"^ /2. Qs and e are the strong and electric couplings, 
respectively. G^^, and F^^, denote the gluonic and photonic field strength tensors, respectively. 
Oi and O2 are the tree-level and QCD-corrected operators. O3-Q are the gluon-induced strong 
penguin operators. O7-10 are the EW penguin operators due to 7 and Z exchange, and box 
diagrams at loop level. We shall take into account the chromomagnetic operator On but neglect 
the extremely small contribution from Ou- The dipole contribution is in general quite small, 
and is of the order of 10% for penguin dominated modes. For all the other modes it can be 



neglected [0. 



We use the ISGW quark model to analyze two-body charmless decay processes B VT in 
the framework of generalized factorization. We describe the parameterizations of the hadronic 
matrix elements in i? — > VT decays 0: 

(OIV^IV) = Um,e^ , (5) 
{T\f\B) = th{ml)e^'''^-e:,pUpB+PT)p{pB-PT)a + Hml)e*^'^{pB). 

+elpPBP^[b4^l)iPB+PTr + b-iml)ipB - PtT] , (6) 

where = — A^. and denote a vector and an axial-vector current, respectively. 
fp denotes the decay constant of the relevant pseudoscalar meson. h{rn?p)^ k{rn?p), 6+(mp), 
and b-i^mj}) express the form factors for the B T transition, F^^"^(mp), which have been 
calculated at q^ = rrip {q^ = p'^ — pj) in the ISGW quark model ps and pt denote the 
momentum of the B meson and the tensor meson, respectively. 

The polarization tensor e^'^ of the tensor meson T satisfies the following properties |TH] : 



e^^{p,A) = e''{PrA). (7) 
p^e^'^(p„A)=p,e'^^(p„A)=0, (8) 
e'^^(p„A) = 0, (9) 



where A is the hehcity index of the tensor meson. We note that due to the above properties of 
the polarization tensor, the matrix element (Olj'^lT) vanishes: 



{0\f\T)=p,e 



(p,,A)+p^e'^,(p,,A) = 0. 



(10) 



Thus, in the generalized factorization scheme, just as in the case of B ^ PT decays, the decay 
amplitudes for B VT can be considerably simplified, compared to those for other two-body 
charmless decays of B mesons such as -B ^ PP, PV, and VV: Any decay amplitude for B 
VT is simply proportional to the decay constant /y and a certain linear combination of the form 
factors F^^^, i.e., there is no such amplitude proportional to fx x (form factor for B V). 

We would like to make comments on decays of B mesons to two tensor mesons in the final 
state. Since (0|j^|T) = 0, in the factorization scheme the decay amplitude for B TT decays 
always vanishes: 



Non-zero of a rate for any B TT decay would arise from non-factorizable effects or final 
state interactions. Therefore, search for any B TT modes in future experiment can provide 
a critical test of the factorization ansatz. 



We list the B VT decay modes in terms of the SU(3) amplitudes. The coefficients of the 
SU(3) amplitudes in i? ^ VT are listed in Tables I and II for strangeness-conserving (AS* = 0) 
and strangeness-changing {\AS\ = 1) processes, respectively. In the tables, the unprimed and 
the primed letters denote AS* = and IAS"! = 1 processes, respectively. The subscript, V in 
Tv, Cv, ■■■ or T in Tt, Ct, on each SU(3) amplitude is used to describe such a case that the 
meson, which includes the spectator quark in the corresponding quark diagram, is the vector V 
or the tensor T. Note that the coefficients of the SU(3) amplitudes with the subscript V, which 
would be proportional to /t x F^^^ , are expressed in square brackets. As explained in Sec. 
II, the contributions of the SU(3) amplitudes with the subscript V vanish in the framework of 
factorization, because those contributions contain the matrix element (T| J^'^'^'^|0) which is zero, 
see Eq. (^). Thus, it will be interesting to compare the results obtained in the SU(3) analysis 



{TT\H,jf\B) ~ {T\j^\B) {0\j,\T) = 



(11) 



III. FLAVOR SU(3) ANALYSIS OF B ^ VT DECAYS 
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with those obtained in the factorization scheme, as we shall see. We will present some ways to 
test validity of both schemes in future experiment. 

Among the AS = amphtudes, the tree diagram contribution is expected to be largest 
so that from Tabic I the decays P^a,2, and P^(h, are expected to have 

the largest rates. Here we have noticed that in B^ P^/i'"* decays, cos0j, = 0.99 and 
sin0j, = 0.13, since the mixing angle 0^, 7°. The amplitudes for the processes B — > 0/^'^ 
(f)a2, and K*K2 have only penguin diagram contributions, and so they are expected to be 
small. In principle, the penguin contribution (combined with the smaller color-suppressed EW 
penguin) px = Pt ~ \Pew,t can be measured in 5+*^°^ K*^Kl'^'^'^\ The tree contribution 
(combined with much smaller color-suppressed EW penguin) It = Tt-\- Pew,t measured by 
the combination A(S+(o) ^ K*^Kl'^^^'^) - A{B^ p+a^). The amplitudes for 5° ^ pO/2 and 
ujf2 have the color-suppressed tree contributions, Ct{Cv)-i but are suppressed by sin^^, so that 
they are expected to be small. We shall see that these expectations based on the SU(3) approach 
are consistent with those calculated in the factorization approximation. However, there exist 
some cases in which the predictions based on both approaches are inconsistent. Note that in 
Table I the amphtudes for S° — > p^aj and 5+^°^ — > can be decomposed into hnear 

combinations of the SU(3) amphtudes as follows: 

>1(S0 ^ p-at) = -TV -Pv- iP^^PEwy , (12) 
A{B+ K*+K*^) = A{B^ K*^K*^) = Py - {l/2,)P^wy . (13) 

As previously explained, in factorization the rates for these processes vanish because all the 
SU(3) amplitudes are with the subscript V. Non-zero of decay rates for these processes would 
arise from non-factorizable effects or final state interactions. Thus, in principle one can test 
validity of the factorization ansatz by measuring the rates for these decays in future experiment. 
Furthermore, the non-factorizable penguin contribution, if exists, (combined with the smaller 
color-suppressed EW penguin) pv = Pv — \Pew,v can be measured in — > K*^^^^ K2^^^^ . 
Also, supposing that Py is very small compared to Ty as usual, one can determine the magnitude 
of Ty by measuring the rate for P° — > p~a2. 

In the [A^*! = 1 decays, the (strong) penguin contribution P' is expected to dominate 
because of enhancement by the ratio of the CKM elements | V'j6V't5|/|\4*6Ks| ~ 50. We note 
that the amplitudes for S+ — > K*^a2 and S+ — > p'^K2° have only penguin contributions, 
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respectively, as follows: 

A{B+ K*'at) =P!r- ^Pf^,^ , (14) 
A{B^ p^Kf) =P^- \p^{^y . (15) 

Thus the penguin contribution (combined with the smaller color- suppressed EW penguin) = 
— \Pew^t is measured in P+ K*^a2 . Similarly, p'y = Py — l^Ewy determined in 
p^K2^. (In fact, p'y = in factorization.) By comparing the branching ratios for 
these two modes measured in experiment, one can determine which contribution (i.e., or 
p'y) is larger. The (additional penguin) SU(3) singlet amplitude S' is expected to be very 
small because of the Okubo-Zweig-Iizuka (OZI) suppression. As in AS = decays, there 
are certain processes whose amphtudes can be expressed by the SU(3) amplitudes, but are 
expected to vanish in factorization: For instance, A{B^ p^K2^) is given by Eq. (|TB|) and 
^4(5° p"/^2^) = —{Ty + Py + ^P^{^y). Thus, in principle measurement of the rates for these 
decays can be used to test the factorization ansatz. We also note that the decay amplitudes 
for modes B^ p^Kj^ and B^ P^K2^ can be respectively written as 

A(P+ ^ p'k;-^) = --^(T(. + C'^ + Pi. + P^,^ + ^P^l^y) , (16) 

A{B' p'Kf) = -^{C^ - P(. + PV,T + IPEwy) ■ (17) 

Since in factorization only the amplitudes having the subscript T does not vanish, we shall see 
that B{B^ — > p^K2^) = B{B^ p^K2^) in the factorization scheme, where E denotes the 
branching ratio. Thus, if Ty or Py is (not zero and) not very suppressed compared to C^, then 
there would be a sizable discrepancy in the relation B{B^ p^K2^) = B{B^ p^K2^), and 
in principle it can be tested in experiment. 

From Tables I and II, we find some useful relations among the decay amplitudes. The 
equivalence relations are: for the AS" = modes, 

-^A(P+ ^ 0a+) = A{B' 0a°) , 



-A{B' <Pf2) = -A{B^ 0/^) , 
c s 



A{B+ K*+K;'^) = A(P" ^ K*^K, 



A{B+ K*^K*2+) = A(P° ^ K*'^Kf' 
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and for the \AS\ = 1 modes, 



A{B+ (j)K*+) = A{B^ 



(19) 



The quadrangle relations are: for the /S.S = processes, 



-A(i?+ ^ P+/2) - -AiB- 
c s 



and for the [AS"! = 1 processes. 



p 7^) = V2 -AiB' ^ PV2) - -A{B 
.c s 



V2 



-A(5° ^ ujh 
c 



s 



(20) 



A{B 
1 

c 

A{B 



V2A{B^ 



A{B+ K*+f2) - -A{B- 



P 



V2A(5° ^ /r°a°) + A{B' K* 



P 



'-2 ; 5 



*0 r/^ 



2J ' 



2 ; ) 



(21) 



where c = cos0y and s = sin0y. Note that the above relations are derived, purely based on 
flavor SU(3) symmetry. In the factorization scheme, (neglecting the SU(3) amplitudes with the 
subscript V) we would have in addition the approximate relations as follows.^ The following 
factorization relation would hold: 



^2^(5" 



p+a°) 



v4(5° ^ p^ 



(22) 



The quadrangle relations given in Eqs. (|20|, |2T]) would be divided into the following factorization 
relations: for the AS* = processes, 

1 



1 



A{B+ ^ P+/2) ^ -A{B^ ^ p+/^) 



-AiB' - PV2) 



-A{B' 
c 



^f2 



S 

-A(B 

s 

-A(B 
s 











and for the [AS*! = 1 processes. 



p'f; 



2) 1 



21 1 



(23) 



^Considering SU(3) breaking effects, we use the symbol ~ in the following relations instead of the 
equivalence symbol =. 
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. K*+4) . 






A{B+ - 
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-A(B+ - 
c 




1 

=i -A(B+ - 

s 




-A(B' - 

c 




^ -A(B^ - 

s 




A{B+ - 








- 






cui^f ) . 



(24) 



Therefore, in principle the above relations given in Eqs. provide an interesting 

way to test the factorization scheme by measuring and comparing magnitudes of the decay 
amplitudes involved in the relations. In consideration of SU(3) breaking effects, the relation 
in Eq. (|2^) is best to use, because in fact the relation arises from isospin symmetry assuming 
Cy = Pv = Pew,v = Pewv ~ 0- (However, if Cy is negligibly small (though not zero) 
compared to Tr, Eq. ( 122|) will approximately hold.) 



IV. ANALYSIS 0¥ B^VT IN THE ISGUR-SCORA-GRINSTEIN-WISE MODEL 

We present a set of relations between a flavor SU(3) amplitude involved in i? ^ VT decays 
and a corresponding amplitude in the generalized factorization, which bridge both approaches 
in i? — > VT decays as follows |jl6|. (Note that all the SU(3) amplitudes with the subscript P, 
such as Tp^ etc., vanish because those are proportional to the matrix element (T|j^|0).) 

C? = i^V:,V^,(,){myfye*^^F^,-^{ml))a, , 
5? = -i^v:,Vuis){myfye*^PF!^^^{ml)){a, + a,) , 
= -^^V:,VuUmyfye*^^F^,-^{ml))a, , 
'l!y,T = -i^V:,VuUmyfye*-^F^-''{ml))^-{a, + a,) , 
Pe^^,t = -^^^;,^*.(s)(mv/v6*"'^i^5r^(m2^))^aio , (25) 

where 



P, 
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+b^{ml) ■ {p,)Mp9n- (26) 
Here the effective coefficients are defined as = c^^^ + ^c^+i {i = odd) and = c^^-^ + ^c^^i 



[i = even) with the effective WC's c^^^ at the scale [Q, and by treating ^ = (-^c 



denotes the effective number of color) as an adjustable parameter. 

With Tables I, II and the above relations (^), one can easily write down in the factorization 
scheme the amplitude of any B VT mode shown in the tables. For example, from Table I 
and the relations (p5D, the amplitude of the process can be written as0 

A{B+ ^ p+al) = -i= I^Tt + Cv + Pt-Pv + Pew,v + \p^w,t + \PEwy) 

= ^(m,+ /,.6-^Fi;-^'^°(mJ,))[V:,K.ai - V*VUa, + a,o)] • (27) 

Here we have used the fact that Cy, -Py, Pew,v, and Pewv with the subscript V all vanish in 
factorization. Expressions for all the amplitudes of i? ^ VT decays are given in Appendix as 
calculated in the factorization scheme. 

The unpolarized decay rate for B VT is given by 

T{B ^ VT) = ^^m,/J|{K;K.(s) ■ (ai or a^) - V*V,^s) ■ {a/s)}f 

T 

■[X\Pv\' + y\Pv? + Z\p^?] , (28) 

where is the magnitude of three- momentum of the final state particle V or T {\py \ = \Pj,\) 
in the rest frame of the B meson. The effective coefficients Oj are defined as in Eq. (^). The 
factors X, y, and Z, respectively, are given by 

X = 8m^ bl , 

B + ' 

y = 2m^[6m^m^/i^ + 2(m^ - - ml)kb+ + k"^] , 

Z = SmJmjA;^ . (29) 
Here we have summed over polarizations of the tensor meson T using the following formula M : 



^In the factorization scheme, we use the usual phase convention for the pseudoscalar and the tensor 
mesons as follows: ^'^(02) = "^^(^^ ~ ^^^^ P~(^2 ) ~ -^*~(^2 ) ~ 
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A 

where O^ib = -Qap + {PT)aiPT)p/^T- 

The CP asymmetry, Acp, is defined by 

where B and / denote h quark and a generic final state, respectively. 

We calculate the branching ratios and CP asymmetries for B —>■ VT decay modes for various 
input parameter values. The predictions are sensitive to several input parameters, such as the 
form factors, the strange quark mass, the parameter C, = '^/Nc, the CKM matrix elements and 
in particular, the weak phase 7. In a recent work on charmless B decays to two light 
mesons such as PP and VP, it has been shown that the favored values of the input parameters 
are 

^ ^ 0.45, rrisimb) ^ 85 MeV, 7 ^ 110°, Vcb = 0.040, and \Vub/Vcb\ = 0.087 

in order to get the best fit to the recent experimental data from the CLEO collaboration. For 
our numerical calculations, we use the following values of the decay constants (in MeV units) 



13,17,18 



/p = 216, = 216, /<^ = 236, /x* = 222. 

We use the values of the form factors for the B ^ T transition calculated in the ISGW 
model 0. The strange quark mass rris is in considerable doubt: i.e., QCD sum rules give 
m,(l GeV) = (175 ± 25) MeV and lattice gauge theory gives m,(2 GeV) = (100 ± 20 ± 10) 
MeV in the quenched lattice calculation [|l^. In this analysis we use two representative values 
of rris = 100 MeV and = 85 MeV at rrib scale. Current best estimates for CKM matrix 
elements are Vcb = 0.0381 ± 0.0021 and \Vub/Vcb\ = 0.085 ± 0.019 We use V^ = 0.040 

and iKib/Vcfcl = 0.087. It has been known that there exists the discrepancy in values of 7 



extracted from CKM-fitting aX p — rj plane pT| and from the x analysis of non-leptonic decays 



of B mesons p2| , |23| . The value of 7 obtained from unitarity triangle fitting is in the range of 
60° ~ 80°. But in analysis of non-leptonic B decay, possibility of larger 7 has been discussed 
by Deshpande et al. |22| and He et al. |23]. The obtained value of 7 is 7 = 90° ~ 140°. In our 



calculations we use two representative values of 7 = 110° and 7 = 65° 
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In Tables III — VI, we show the branching ratios and the CP asymmetries for B VT 
decays with either AS = or \AS\ = 1. In the tables the second and the third columns 
correspond to the sets of the input parameters, 

= 0.1, m, = 85 MeV, 7 = 110°} and = 0.1, = 100 MeV, 7 = 65°} , 
respectively. Similarly, the fourth and the fifth columns correspond to the cases, 

= 0.3, nis = 85 MeV, 7 = 110°} and = 0.3, = 100 MeV, 7 = 65°} , 
respectively. The sixth and the seventh columns correspond to the cases, 

= 0.5, = 85 MeV, 7 = 110°} and = 0.5, = 100 MeV , 7 = 65°} , 

respectively. Here ^ = l/A'^c = 0.3 corresponds to the case of naive factorization {Nc = 3). It 
has been known that in B ^ D decays the generalized factorization has been successfully used 
with the favored value of ^ ~ 0.5 p4|. Also, as mentioned above, a recent analysis of charmless 



B decays to two light mesons such as PP and VP shows that ^ ~ 0.45 is favored with 
certain values of other parameters for the best fit to the recent CLEO data. 

The branching ratios for B VT decay modes with AS* = are shown in Table III. Among 
AS = modes, the decay modes B^ P^ct°, —>■ and 5° P^^h. have relatively 

large branching ratios of a few times 10^''. The branching ratio for B^ —>■ is much smaller 
than that for B^ —>■ f2 by about two orders of magnitude, because the former decay rate 
is proportional to sin0y = 0.13, instead of cos0t = 0.99 which is a proportional factor of the 
latter decay rate. This prediction is consistent with that based on flavor SU(3) symmetry. We 
see that in the factorization scheme the following equality between the branching ratios holds 
for any set of the parameters given above: 2B{B^ P^o°) ~ i3(i?° 0.2)1 discussed in 
Eq. P^). (Little deviation from the exact equality arises from breaking of isospin symmetry.) 
We also see from Table III that B{B^ P^(^t) is much smaller than B{B^ —>■ p^a°) by an order 
of magnitude or even three orders of magnitude depending on values of the input parameters. 
This is because in factorization the dominant contribution to the former mode arises from the 
color-suppressed tree diagram (Ct) and further the Ct destructively interferes with Pt, while 
the dominant one to the latter mode arises from the color-favored tree diagram (Tt) and the 
Tt constructively interferes with P^. We note that B{B^ P^cit^^^) ~ B{B'^ — > ct;a^''°^) 
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and B{B'^ — > p°/2 ) ~ — > 00/2 ), as is expected from the fact that p° and u have the 
similar quark content and the decay amphtudes for the modes having in the final state are 
similar to those for the modes having uj in the final state (some differences appear only in the 
penguin diagram contributions which are small in A^* = decays). The branching ratios of 
most processes are order of 10~^ or less. The CP asymmetries Acr in — decays are shown 
in Table IV. The CP asymmetries for B'^ — > p^at and S+ — > coat can be as large as 27% and 
49%, respectively, with the branching ratio of O(10~^) for ^ = 0.5 . 

In Table VII, we show the ratio B{B — >■ VT)/B{B — > PT) for = decays, where 
quark contents of V and P are identical. For comparison, we choose the modes B^ P^o!^ 
(B+ TT+aO), B+ P+/2 (B+ 7r+/2), and 5° ^ p+a^ (5° ^ n+a^) in B ^ VT 
{B — > PT) whose decay amplitudes have the dominant tree diagram contribution TV- For 
these modes, the ratio B{B — > VT)/B{B PT) can be written as 
B{B ^ VT) m,Jl[X\p,\' + y\p,\' + Z\p,f] 

B{B^PT)^ 2b-;|5^|/2[F^-T(^2)]2 ■ i ) 

In the ratio, the dependence on G^;', the CKM matrix elements, and the effective coefficients 
Oj does not appear. The ratio depends only on the form factors for S — > T calculated in the 
ISGW model, in addition to masses of P, V and T, and the decay constants fp and Thus, 
the ISGW model and the factorization scheme can be tested by measuring the above ratio for 
different modes, as shown in Table VII, in future experiment. Table VII shows that the ratio 
for AS" = decays are indeed insensitive to different values of the input parameters, such as ^ 
and the weak phase 7, and are in between 0.473 and 0.495 . 

The branching ratios and CP asymmetries for lA^"] = 1 decay processes are shown in Table 
V and VI, respectively. In [AS*! = 1 decays, the relevant penguin diagrams give dominant 
contribution to the decay rates. We see that the branching ratios for jAS*! = 1 decays are 
in range between O(10~^) and O(10~^°), similar to those for A^* = decays. The processes 
B+ K*+a!i, K*+f2, K*^at, and 5° ^ K*+a2, K*^a^, K*^f2 have relatively large branching 
ratios of O(10~^) — O(10~^), since the amphtudes for these modes have the dominant penguin 
contribution P^. We note that the branching ratios for B ojK^ and B (PK2 vary strongly 
depending on ^. This is mainly because the amplitudes for these modes have the singlet 
penguin contribution S'j, and the magnitude of S'j. strongly depends on the value of ^ in the 
factorization scheme. Unlike A^" = decays such as S — > u;a2 and B — > ^02, in jA^"] = 1 
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decays such as B ^ and B — > ^i^^^ the tree contribution is suppressed compared to the 
penguin contribution. Further, in the mode B UJK2, the amphtude 25"^ is the only strong 
penguin contribution so that the branching ratio for this mode varies strongly depending on 
^ (even though S'rp is expected to be small due to the OZI suppression). In i? ^ 4>K2, the 
amplitude + 5*^ is the relevant strong penguin contribution, and in factorization can 
become comparable (with the opposite sign) to for certain values of ^, say, ,^ = so that 
the branching ratio for this mode strongly depends on ^. Table VI shows the CP asymmetries 
Acp in IAS*! = 1 decays. Acv^^ in most modes are expected to be small. In B^ K*'^a2, 
B^ — > K*+/2, and 5° K*^a2 , Acv can be about 15% — 25% with the branching ratios of 
0(10-^) -0(10-8). 

In Table VII, we show the ratio B{B VT)/B{B PT) for the modes 5+ 
K*+al {B+ K+al), B+ K*+ f2 {B+ K+f2), and 5° ^ K*+a2 (5° ^ i^+fla ) in 
B VT {B —>■ PT) whose amplitudes have the dominant penguin contribution P^. For these 
modes, the ratio B{B VT)/B{B PT) can be approximately expressed as Eq. (|5^, but 
unlike the AS = case, in this case, dependence of the ratio on the weak phase 7 and the 
strange quark mass rris remains, due to the effect of the suppressed tree diagram T^ and the 
m^-dependence of B{B PT). In the table, the second and the third columns correspond to 
the cases of sets of the parameters: {m^ = 85 MeV, 7 = 110"} and {rris = 100 MeV, 7 = 65°}, 
respectively. In both cases, the values of C, vary from 0.1 to 0.5 . The result shows two different 
ranges of values of the ratio: in the former case (the second column), the ratio is about 2.5, 
while in the latter case (the third column), the ratio is about 1.0 . Given values of and 7, 
the ratio is almost independent of the value of ^. 

V. CONCLUSION 

We have analyzed exclusive charmless decays B —* VT in the frameworks of both flavor 
SU(3) symmetry and generalized factorization. Using the flavor SU(3) symmetry, we have 
shown that certain decay modes, such as B^ P^0'2j and B^ in AS = decays, 

and 5+ K*+f2, K*^a2 and B° K*^a2 in \^S\ = 1 decays, are expected to have the 
largest decay rates and so these modes can be preferable to find in future experiment. Certain 
ways to test validity of the factorization scheme have been presented by emphasizing interplay 
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between both approaches and carefully combining the predictions from both approaches. We 
have also shown that B meson decays to two tensor mesons in the final state do not happen in 
the factorization scheme, which can be tested in future experiment. 

Wc have calculated the branching ratios and CP asymmetries for B — > VT decays, using the 
full effective Hamiltonian including all the penguin operators which are essential to analyze the 
\A.S\ — 1 processes and to calculate CP asymmetries. We have also used the non-relativistic 
quark model proposed by Isgur, Scora, Grinstein, and Wise to obtain the form factors de- 
scribing B ^ T transitions. As shown in Tables III and V, the branching ratios vary from 
O(10~^) to O(10^^°). Consistent with the prediction from the flavor SU(3) analysis, the decay 
modes such as S+ P~^a2, P'^f2, P^fh and K^^^'^^a^^'^ have the branching 

ratios of order of 10~^. We have identified the decay modes where the CP asymmetries are 
expected to be large, such as B^ — > p^a2 and B^ ijja2 in AS" = decays, and B^ — > ir*+a2, 
B^ — > K*^f2, and B^ K*^a2 in \AS\ = 1 decays. Due to possible uncertainties in the 
hadronic form factors of i? — VT and non-factorization effects, the predicted branching ratios 
could be increased. We have also presented the ratio B{B VT)/B{B PT) for AS" = 
and \^S\ — 1 decays, which primarily depends on the form factors for B ^ T, especially in 
/S.S — case. Thus, measurement of this ratio for different modes in future experiment can 
test the ISGW modes and the factorization ansatz. Although experimentally challenging, the 
exclusive charmless decays, B — > VT, can probably be carried out in details at hadronic B 
experiments such as BTeV and LHC-B, where more than 10^^ S-mesons will be produced per 
year, as well as at present asymmetric B factories of Belle and Babar. 
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APPENDIX 



In this Appendix, we present expressions for all the decay amplitudes of B ^ VT modes 
shown in Tables I and II as calculated in the factorization scheme. Below we use F^^^^ defined 
in Eqs. (|26|) . 

(1) B^VT {AS = 0) decays. 

(33) 
(34) 
(35) 



A{B+ - 




-al) 


Gp 


(mpH 




""K+)){K:.Kdai- 


■ V*i,Vtdia4 + aio)} 


A{B+ - 




72) 


Gp 

~ ~Y' 


(mp^ 


7p+e-^i^5r 




- VtlVtdc{a4^ + aio)} 


A{B+ - 


^P' 


72) 


Gp 

~ ~Y' 


(mp^ 


7p+e-^F5- 




- VtlVtds{a4 + aio)} 


A{B+ - 




4) 


Gp 






""Hmlo)) {V:,Vu,a2 





3 11 

-VtlVtd[-a4 + - (ay + ag) + -aio] | (36) 

AiB+ coat) = ^{ra^U^'^^F^rHO) {KT^K^a^ 

-VtlVtd[2{a3 + ag) + a4 + ^{aj + ag) - ^aio]j (37) 

Gp , , ^„a„B~*at- o.. f . 1 



A{B+ 0a+) = -|(m^^e-^F„7'^^ (m^)) |-V;,V^i,[(a3 + a,) - -{a, + ag)] j (38) 

A{B+ K*'K;+) = ^(m^.o/^.oe-^Fi;r^"(m|.o)) [-V,lVtd[a, - ^aio]} (39) 
A{B+ K*+K^) = (40) 



A{B' ^ p+a^ ) = ^(m,+ /,+ e*"^F„7'^^ (mJ+))[K;Kdai - \/;,l-i,(a4 + aio)] (41) 
/l(5° ^ p-a^) = (42) 
AiB' p°a°) = ^(m,o/,oe*"^F2r'^Vpo)) {KT.K.a^ 

3 11 

-VtlVtd[-a4 + - (ay + ag) + 2*^10]! (43) 

A{B' PV2) = ^(m,o/,oe*"^F„V^^(mJo)) {K.K.ca^ 

3 11 

-VtlVtdc[-a4 + - (a7 + ag) + -aio] j (44) 

^(i?° - pV^) = ^(mpo/,oe*"^F„7^^(mJo)) {K;K.^a2 

3 1 1 

-VtlVtds[-a4 + 2 («7 + ag) + -aio] | (45) 
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-VtlVtd[2{a3 + ag) + 04 + -(07 + Og) - 2«io]| (46) 

-VtlVtdc[2{a3 + as) + 04 + ^(07 + ag) - ^aio]| (47) 

-VtlVtds[2{a3 + as) + a4 + ^(a7 + ag) - ^aio]| (48) 

A{B' 0a°) = ^{m^Ue*'^^F^^''\ml)) [-V;,Vu[{a, + a,) - \{a, + ag)]} (49) 

A{B' H2) = ^(m^/^e-^Ff;-^^(my) [-V^Mia, + a,) - \{a, + ag)]} (50) 

A{B^ 0/^) = ^(m^/^6-^Ff/^^(mJ)) |-V-;,Kd«[(a3 + ag) - ^(a7 + ag)]} (51) 

A{B' ^ K*'Kf) = ^(m^.o/^,oe-'^Fi;r^"(m|.o)) {-V^a^ - ^a^o]} (52) 

A{B^ K*^K;°) = (53) 

(2) B^VT {\AS\ = 1) decays. 

A{B+ ^ K*+a^) = -f{mK*+fK*+e*^^F^f''"^{ml.^)) {V;*,K.ai - V^:^t.(a4 + Qio)} (54) 

A(S+ ^ X*+/2) - ^(mK.+/K.+e*"^F5-^^(m|,.+ )) {KT^KaCai - V;;i^i,c(a4 + aio)} (55) 

^(S+ ^ K*+f^) = ^{mK*+fK*+e*''^F^f^{ml)) {K^K^sai - y;6^t.s(a4 + aio)} (56) 

^(5+ ^ K*o^+) ^ ^(mK*o/;,.o6*"'^Fj'/'^M<-)) {-V^;6V^*.(«4 - \aio)] (57) 

A(S+ ^ p+i^2*°) = (58) 

A(5+ ^ p'^X;+) = ^(m,o/,oe-^Fi;-^^^*"(mJ.)) {\CK.a2 - V:,Vts^-{a, + ag)} (59) 

A(B+ ^ a;X*+) = ^(m,^e*"^Ff^-^''^*^(m^)) {y^K^as - V;;i-*,[2(a3 + as) + ^(a7 + ag)]} (60) 
A(i?+ ^ 0ir*+) = ^(m^/^6*"'^Ff;^^^*^(mJ)) [-V:,Vts[a, + a, + a,- \{a-j + a, + a^o)]} (61) 

A(S° ^ X*+a2 ) = ^{mK*+fK*+e*''^F^^''~' {ml.+)) {KT^K^ai - T46*T4,(a4 + aio)} (62) 

A{B^ ^ X*°a°) = ^{mK*ofK*oe*-f'F^f^\mj,.o)) [-V*VUa, - ^a,o)] (63) 

^(^0 ^ ^*o^^) ^ ^{mK*ofK*oe*''^F^f^%mU)) {-V^,;V^*.c(a4 - ^a,o)] (64) 
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AiB' K*'f,) ^ ^{mK^ofK^oe*-''Fy^{mU)) {-V,lV,ss{a, - ^a,o)] (65) 

^ p-K;+) = (66) 

A(B' p'K*') = ^(m,o/,o6-^Fj^^"(m?o)) {K;K.a2 - V*V,,^(a, + a^)} (67) 

A{B' ^ ) = ^(m^f^e*"PF^^-^'''^\ml)) {KT^K^as - V;*,y,,[2(a3 + a,) + ^{a^ + ag)]} (68) 

A{B' ^ ^A-f ) = ^(m^/^e-z^^f^^i^r^^^y^ {-K,;V^i,[a3 + 04 + as - ^(a^ + ag + aio)]} (69) 
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TABLES 

TABLE 1. Coefficients of SU(3) amplitudes in B ^ VT {AS = 0). The coefficients of the SU(3) 
amplitudes with the subscript V are expressed in square brackets. As explained in Sec. II, the 
contributions of the SU(3) amplitudes with the subscript V vanish in the framework of factorization, 
because those contributions contain the matrix element (Tj J^^^'^jO), which is zero. Here c and s denote 
cos (f)j, and sin (j)^. , respectively. 



B^VT 



factor Tt[Tv] Ct[C^ 



V 



St[S\ 



Pt[Pv] Pew,t [PEwy] P^wAPiiwy 



B+ n+flO 


1 

V2 


1 


[11 

L J 




1 
V2 


c 


[cl 




1 

V2 


s 


[si 


B+ p^at 


1 

V2 


[11 

L J 


1 


B+ ua^ 


1 
V2 




1 


B+ (j)a^ 


1 








B+ K*+K^^ 


1 








B+ K*°K2'^ 


1 








_^ + - 


-1 


1 





JD ^ p U2 


_1 

± 


[■■-J 


n 


dO 
B p 0.2 


1 
2 


u 


1, [11 




1 
2 





c, [-cl 




1 
2 





s, [s] 




1 
2 





1, [-1] 


B^ ^ C0f2 


1 
2 





c, [c] 


B^ - u;/^ 


1 

2 





s, [s] 


5° ^ ct>4 


1 
V2 








B° ^ 0/2 


1 

%/2 










1 
V2 








B^ K*^Kf 


1 








_^ K*^Kf 


1 











[2c + V2s] 
[2s - V2c] 



2 

1 











[-{2c + V2s)] 
[-(2s- V2c)] 
2 



1 
c 
s 





1, [-11 
c, [c] 
s, [s] 

-1, [1] 
1, [1] 



[1] 
1 

1 

[1] 

-1, [-11 
-c, [-c] 

-s, [s] 

1, [1] 

c, [cl 
s, [s] 







[1] 
1 



[11 

c-V2s 



V2c+s 
3 



_ 1 

3 







1, [11 

c+V2s 



s, 



-{V2c+s) 








2c r_ci 

3 ' L 3J 

2s r_ s] 

3 ' L 3J 



1 

3' 
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"3' 



1 

3' 



3' [3] 
3' L3J 



c 




c 




3' 
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3' 


[-§ 
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's+V2c 
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3' 
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TABLE II. Coefficients of SU(3) amplitudes inB^VT { \AS\ = 1 ). 



B^VT 


factor 








^tI^v] Pew,t [P'ew,v\ 


^ew,t[Pew,v\ 


B+ K*+a'^ 


1 

V2 


1 


[1] 





1 


[1] 








2 

3 




B+ K*+f2 
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[2c + V2s] 
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' c-\/2s 
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3 ' 
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B+ K*+f^ 


1 

V2 
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[2s - V2c] 
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B+ K*^at 


1 











1 











1 
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B+ ujK*+ 
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2 
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B+ (f)K^+ 
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SO ^ K*+a2 
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TABLE III. The branching ratios for B VT decay modes with AS' = 0. The second and the 
third columns correspond to the cases of sets of the parameters: = 0.1, = 85 MeV, 7 = 110°} 
and = 0.1, nis = 100 MeV, 7 = 65°}, respectively. Similarly, the fourth and the fifth columns 

corresponds to the cases: = 0.3, rn^ = 85 MeV, 7 = 110°} and = 0.3, = 100 MeV, 7 = 65°}, 
respectively. The sixth and the seventh columns correspond to the cases: = 0.5, nis = 85 MeV, 

7 = lin"} and = 0.5, m,, = 100 McV, = 65°}. rospoctiA-oIy. 



Decay mode 


i3(10-S) 


6(io-s) 


i3(10-8) 


i3(10-8) 


^(10-S) 


fi(io-s) 


B+ ^ p+a° 


21.93 


22.17 


19.46 


19.70 


17.13 


17.37 


B+ ^ P+/2 


23.33 


23.58 


20.70 


20.95 


18.23 


18.48 




0.26 


0.26 


0.23 


0.23 


0.20 


0.20 


B+ p°a+ 


0.84 


0.78 


0.046 


0.033 


1.10 


1.16 


B+ ujat 


0.77 


0.77 


0.039 


0.034 


1.18 


1.28 


B+ 


0.064 


0.053 


0.006 


0.006 


0.022 


0.012 


B+ K*^K*+ 


0.062 


0.041 


0.053 


0.033 


0.045 


0.027 


5° ^ p+a2 


40.72 


41.16 


36.13 


36.57 


31.81 


32.26 


S° ^ p°a° 


0.39 


0.36 


0.022 


0.015 


0.51 


0.54 




0.42 


0.38 


0.023 


0.016 


0.55 


0.57 


S° ^ p°/^ 


0.005 


0.004 


0.0003 


0.0002 


0.006 


0.006 


B° ^ a;a° 


0.36 


0.36 


0.018 


0.016 


0.55 


0.60 


B° ^ a;/2 


0.38 


0.38 


0.019 


0.017 


0.58 


0.63 


S°^a;/^ 


0.004 


0.004 


0.0002 


0.0002 


0.006 


0.007 


5° ^ 0a° 


0.030 


0.025 


0.003 


0.003 


0.010 


0.006 


s° ^ 0/2 


0.030 


0.025 


0.003 


0.003 


0.010 


0.006 




0.0004 


0.0003 








0.0001 





^ K*^Kf 


0.12 


0.076 


0.098 


0.062 


0.082 


0.050 
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TABLE IV. The CP asymmetries for B ^ VT decay modes with AS' = 0. The definitions for the 
columns are the same as those in Table III. 



Decay mode 


Acv 


Acv 


Acv 


Acv 


Acv 


Acv 


B+ ^ p+a9. 


-0.073 


-0.070 


-0.072 


-0.069 


-0.071 


-0.068 


B+ ^ p+f2 


-0.073 


-0.070 


-0.072 


-0.069 


-0.071 


-0.068 


- p+f^ 


-0.073 


-0.070 


-0.072 


-0.069 


-0.071 


-0.068 


B+ ^ pOa+ 


-0.34 


-0.36 


0.66 


0.91 


0.27 


0.25 


B+ ioa^ 


0.017 


0.016 


-0.72 


-0.79 


-0.49 


-0.44 


B+ (j)at 




















B+ K*°K*+ 




















B^ ^ p+a2 


-0.073 


-0.070 


-0.072 


-0.069 


-0.071 


-0.068 


BO ^ p^4 


-0.34 


-0.36 


0.66 


0.91 


0.27 


0.25 


B^ - 


-0.34 


-0.36 


0.66 


0.91 


0.27 


0.25 


BO ^ pOf^ 


-0.34 


-0.36 


0.66 


0.91 


0.27 


0.25 


BO ^ a;aO 


0.017 


0.016 


-0.72 


-0.79 


-0.49 


-0.44 


BO ^ a;/2 


0.017 


0.016 


-0.72 


-0.79 


-0.49 


-0.44 


BO^a;/^ 


0.017 


0.016 


-0.72 


-0.79 


-0.49 


-0.44 


BO ^ </,a^ 




















BO ^ 0/2 




















S° - ^/^ 




















^ ^*0^|0 





















25 



TABLE V. The branching ratios for B — > VT decay modes with | A^l = 1. The definitions for the 



columns are the same as those in Table III. 



Decay mode 




^(10-8) 


^(10-8) 


^(10-8) 


^(10-8) 


^(10-8) 


B+ K*+a'^ 


10.78 


5.97 


9.74 


5.40 


8.75 


4.88 


B+ K*+f2 


11.20 


6.19 


10.11 


5.61 


9.09 


5.06 


B+ K*+f^ 


0.14 


0.078 


0.13 


0.070 


0.11 


0.064 


B+ K*^at 


16.45 


16.45 


12.97 


12.97 


9.91 


9.91 


B+ ^ p^K*+ 


0.59 


0.81 


0.57 


0.55 


0.62 


0.39 


B+ uK*+ 


5.30 


4.70 


0.029 


0.035 


3.91 


3.28 


B+ (f)K;+ 


2.52 


2.52 


10.39 


10.39 


23.66 


23.66 


SO ^ K*+a2 


20.48 


11.33 


18.50 


10.27 


16.62 


9.26 


SO ^ ^*o„o 


7.65 


7.65 


6.03 


6.03 


4.61 


4.61 




7.94 


7.94 


6.26 


6.26 


4.78 


4.78 




0.10 


0.10 


0.079 


0.079 


0.060 


0.060 




0.54 


0.75 


0.53 


0.50 


0.57 


0.36 




4.87 


4.32 


0.027 


0.032 


3.60 


3.02 


B° ^ (j)Kf 


2.34 


2.34 


9.64 


9.64 


21.96 


21.96 
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TABLE VI. The CP asymmetries for B ^ VT decay modes with |A5| = 1. The definitions for 



the columns are the same as those in Table III. 



Decay mode 


Act 


Acv 


Acv 


Acv 


Acv 


Acv 


B+ K*+a'^ 


-0.15 


-0.26 


-0.14 


-0.25 


-0.14 


-0.24 


B+ K*+f2 


-0.15 


-0.26 


-0.14 


-0.25 


-0.14 


-0.24 


B+ K*+f^ 


-0.15 


-0.26 


-0.14 


-0.25 


-0.14 


-0.24 


B+ K*^at 




















B+ ^ p^K*+ 


-0.006 


-0.004 


0.001 


0.001 


0.007 


0.010 


B+ uK*+ 


-0.035 


-0.038 


0.107 


0.088 


-0.041 


-0.047 


B+ (f)K;+ 




















SO ^ K*+a2 


-0.15 


-0.26 


-0.14 


-0.25 


-0.14 


-0.24 
































































-0.006 


-0.004 


0.001 


0.001 


0.007 


0.010 




-0.035 


-0.038 


0.107 


0.088 


-0.041 


-0.047 


B° ^ (j)Kf 





















TABLE VII. Ratios of the branching ratios for B VT and for B PT decay modes, where 
V and P have identical quark content. The second and the third columns correspond to the cases of 
sets of the parameters: {m^ = 85 MeV, 7 = 110°} and {iris = 100 MeV, 7 = 65°}, respectively. In 
both cases, the values of ^ vary from 0.1 to 0.5 . 

Raiio /», = 85 Mx^ . = llO" = 100 MeV. - = 65° 

B{B+ p+a^) / B{B+ TT+a^) 0.482-0.483 0.495 

B{B+ P+/2) / B{B+ vr+Za) 0.472-0.473 0.484-0.485 

B{B^ ^ p+a^) / B{B^ ^TT+a^) 0.473-0.474 0.485-0.486 

B{B+ K*+a^) I B{B+ K+a^) 2.50-2.55 1.03-1.10 

B{B+ K*+f2) I B{B+ K+f2) 2.39-2.50 0.99-1.05 

B{B^ ^ K*+a2) / B{B^ ^ K+a2 ) 2.51-2.63 1.04-1.10 
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